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The complete mRNA sequence of the chicken progesterone
receptor (cPR) has been determined. Expression of the clon-
ed cDNA both in vivo and in vitro produces a protein that
has the same apparent mol. wt on SDS— polyacrylamide gels
as the ‘natural’ cPR form B (109 kd) as determined by im-
munoblotting and photoaffinity labelling. When expressed in
HeLa or in Cos-1 cells the ‘cloned’ cPR displays hormone
binding characteristics indistinguishable from the ‘natural’
receptor and, in the presence of progestins, exhibits ‘tight
nuclear binding’. A protein corresponding in size to the cPR
form A (79 kd) could be detected by expressing in vivo and
in vitro an N-terminally truncated cPR starting at methionine
128. A protein of the same apparent mol. wt results from
internal initiation during in vifro translation. In contrast, such
a protein was barely detectable after in vivo expression of the
cPR cDNA in Cos-1 cells. These results suggest that form A
is generated by an oviduct cell specific process involving either
internal initiation of translation and/or proteolysis in the
vicinity of methionine-128. The cPR contains two highly con-
served regions C and E, a characteristic of the steroid/thyroid
hormone receptor supergene family. By expression of a series
of cPR deletion mutants, region E could be defined as the
hormone binding domain whereas region C is indispensable
for the tight nuclear association of the progestin—receptor
complex. In the presence of progestins, the cloned cPR effi-
ciently trans-activates transcription from the long terminal
repeat region (LTR) of the mouse mammary tumor virus
(MMTY). Deletion of the entire N-terminal region A/B or of
the hormone binding domain E results in a 100-fold reduc-
tion of transcriptional activation. No stimulation of transcrip-
tion can be detected when the C-terminal deletion extends
into region C, indicating that this region is involved in the
recognition of the hormone responsive element (HRE) of the
MMTV LTR.

Key words: progesterone receptor forms A and B/functional do-
mains/MMTYV LTR steroid hormone responsive element/activa-
tion of transcription

Introduction

The chicken and human progesterone receptors are unique in the
‘superfamily’ of steroid/thyroid hormone receptors (for recent
reviews see Green et al., 1987; Gronemeyer et al., 1987) in that
two receptor proteins of different mol. wts have been observed
at approximately equimolar ratios in the cytosol of chicken
oviduct tubular gland cells and human breast cancer T-47D cells
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(Schrader et al., 1980; Gronemeyer et al., 1983; Horwitz et al.,
1985; Gronemeyer and Govindan, 1986). Different functions
have been attributed to the two chicken oviduct progesterone
receptor (CPR) forms (Schrader ez al., 1980) and it has been sug-
gested that they correspond to two different proteins (Birnbaumer
et al., 1983). However, immuno-analysis and peptide mapping
of the photoaffinity-labelled proteins have provided strong
evidence that the 79 kd form A and the 109 kd form B of the
cPR are structurally (Gronemeyer et al., 1983) and immuno-
logically (Gronemeyer et al., 1985) closely related. These results
were confirmed by others using both poly (Tuohimaa et al., 1984)
and monoclonal (Sullivan ez al., 1986) antibodies. Furthermore,
in contrast to previous reports (for review, see Schrader et al.,
1980), we have demonstrated that not only the form A of the
cPR, but also the form B could bind to DNA (Gronemeyer et
al., 1985). This binding was confirmed by DNase I footprinting
experiments using the hormone responsive element of the chicken
lysozyme gene (v.der Ahe et al., 1986).

The cloning of partial cDNA sequences of the chicken pro-
gesterone receptor has been reported recently (Conneely et al.,
1986; Jeltsch et al., 1986). We describe here the cloning and
sequencing of the entire cPR cDNA, its expression in vivo and
in vitro and a functional analysis of the various domains of the
expressed receptor. We also present evidence indicating that the
cPR form A corresponds to an N-terminally truncated form B,
generated by either cell-specific proteolysis or internal initiation
of translation.

Results
The chicken progesterone receptor mRNA sequence

We have previously reported (Jeltsch et al., 1986) the identifica-
tion of several cDNA clones of the cPR based on (i) epitope selec-
tion, (ii) protein sequence data and (iii) the presence of a
cysteine-rich region, which is characteristic of the steroid/thyroid
hormone receptor family (for reviews see Green and Chambon,
1986; Green et al., 1987; Gronemeyer et al., 1987). By cloning
overlapping cDNAs (see legend to Figure 1) and the correspon-
ding genomic sequences (to be published separately) we have
determined that the cPR mRNA sequence is 4472 nucleotides
long with a 366 nucleotide-long 5'- and a 1745 nucleotide-long
3’-untranslated region (Figure 1). The AUG initiation codon at
position 367 which is preceded by an in-frame termination codon
at position 208 (stars in Figure 1) initiates a 786 amino acid-
long open reading frame. An AUG codon, directly followed by
a UGA termination codon is present in the 5'-untranslated region
of the cPR mRNA (positions 290—295; underlined in Figure 1),
where it might influence the efficiency of translation (for discus-
sion of this possibility, see Kozak, 1984b; Green et al., 1987
and Gronemeyer ef al., 1987). Similar to other receptor cDNAs
(for review see Gronemeyer et al., 1987) the cPR cDNA con-
tains an unusually long 3’-untranslated region with four poten-
tial polyadenylation signal sites.

In order to determine the 3'-end of the cPR mRNA, an
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-354  ACTGGAAAATGGAAGATGTATTCATGCTAACAGGGCGTACAGGAACT TAAACCTGAAAAACACAGCAAACGTCTGAAAGAGAGGGTGAAGAACCAGGAAGGAGAGGACATATCTTCCTCC
-234 CCGCGCTCCGTAACAGCGATTTGCCCAGCCTGAGTGCAGCCAGTATTGCACTCCTCGACCAGGACGGACACCTGCAAGAGCCGGGAGACGGGG TGAGATGGGGC TGCGAAGGCAGGAGGC
-114  GGCCGGGCGGCTAAGAGCGGAGCCGAGAGGGAACGGGAGCGG TGGGAGGG TCGGAGCAGGCGGAGCGAAGGAGGGGCCAGGCCGTGCCGGGAGC TGCCGGAGGGAGTCGCCGGTGCCCGA

TCGGCTCTCCCTTGCCCT oligo 1 . +1
Boll —
7 GAGCOGABCGCCGMGMGGCGGC'IGCCTMWAWMGMCCMGCCTCTCMMHWWMIWM
— s GAGAGTCGTCATGCCCGCCG oligo 2

127 GAGCGCGGCGAGGAGCAGGGCGGGCAGCGGGGGACGAGGCGCCGTCCCCGCCCGCCCTC TCGCTGCCCCTOOGAAGAC&CIS:OGCTCACA TCGCTCTCCCCTCCGCAGGACCGTCCGG
AGCGAGAGGGGAGGCGT oligo 3

247 GCGGCGATCGGCGCACGGTCGGGGC TCCTCGGAACGCAGCGCCATGTGAACGGGAGCCCCGTCCGGGCCGCGAGGAGCCGCGCCGGAGGT T TGGCGGCGTCCAGCGCTGC TCCGGGCAGC
367 |ATG]ACC GAG GTG AAG AGC AAG GAG ACC CGA GCG CCT TCG TCC GCC CGA GAC GGG GCG GTC CTG CTG CAG GCT CCC CCC AGC CGC GGG GAA
Met|Thr Glu val Lys Ser Lys Glu Thr Arg Ala Pro Ser Ser Ala Arg Asp Gly Ala val Leu Leu GIn Ala Pro Pro Ser Arg Gly Glu 30

457 GCG GAG GGC ATC GAC GTC GCC CTG GAC GGG CTG CTC TAC CCC AGA AGC AGC GAC GAG GAG GAG GAG GAG GAG GAG AAC GAG GAG GAG GAG
Ala Glu Gly Ile Asp Val Ala Leu Asp Gly Leu Leu Tyr Pro Arg Ser Ser Asp Glu Glu Glu Glu Glu Glu Glu Asn Glu Glu Glu Glu 60

547 GAG GAG GAA GAA CCG CAG CAG CGG GAG GAG GAG GAA GAG GAG GAG GAG GAG GAT CGG GAC TGC CCC TCG TAC CGG CCG GGC GGC GGC TCG
Glu Glu Glu Glu Pro Gln Gln Arg Glu Glu Glu Glu Glu Glu Glu Glu Glu Asp Arg Asp Cys Pro Ser Tyr Arg Pro Gly Gly Gly Ser 90

637 CTC TCC AAG GAC TGT CTG GAC AGC GTC CTG GAC ACC TTC CTG GCG CCC GCA GCC CAT GCC GCG CCC TGG TCC CTA TTC GGG CCG GAG GTG
Leu Ser Lys Asp Cys Leu Asp Ser Val Leu Asp Thr Phe Leu Ala Pro Ala Ala His Ala Ala Pro Trp Ser Leu Phe Gly Pro Glu val 120

AGC CGC GGC CCC GAG CAG AAG GCT GTG GAC GCC GGC CCG GGG GCT CCC GGT CCC TCG CAG CCG CGA

727 CCG GAA GTG CCC GTC GCC
Ser Arg Gly Pro Glu GIn Lys Ala Val Asp Ala Gly Pro Gly Ala Pro Gly Pro Ser Gln Pro Arg 150

Pro Glu val Pro Val Ala

817 CCC GGG GCT CCG CTG TGG CCG GGC GCC GAC TCC CTG AAC GTC GCC GTG AAA GCG CGT CCG GGA CCC GAG GAC GCC AGC GAG AAC AGA GCG
Pro Gly Ala Pro Leu Trp Pro Gly Ala Asp Ser Leu Asn Val Ala val Lys.Ah Arg Pro Gly Pro Glu Asp. Ala Ser Glu Asn Arg Als 180
—_——

G
907 CCG GGG CTG CCC GGC GCC GAG GAG CGC GGC TTC CCG GAG CGG GAC GCG GGG CCC GGA GAA GGC GGA CTG GCG CCC GCC GCG GCT GCT TCC
Pro Gly Leu Pro Gly Ala Glu Glu Arg Gly Phe Pro Glu Arg.Asp Ala Gly Pro Gly Glu Gly Gly Leu Ala Pro Ala Ala Ala Ala Ser 210

997 CCG GCG GCC GTG GAG CCG GGC GCG GGG CAG GAC TAC CTG CAC GTG CCC ATC CTG CCG CTC AAC TCT GCC TTC CTG GCC TCG CGC ACG CGG
Pro Ala Ala Val Glu Pro Gly Ala Gly Gln Asp Tyr Leu His Val Pro Ile Leu.Pro Leu Asn Ser Ala Phe Leu Ala Ser Arg Thr Arg 240

1087 CAG CTG CTG GAC GTG GAG GCG GCG TAC GAC GGC AGC GCC TTC GGG CCG CGC TCC TCG CCT TCC GTC CCC GCC GCG GAC TTG GCG GAG TAC
Gln Leu Leu Asp Val Glu Ala Ala Tyr Asp Gly Ser Ala Phe Gly Pro Arg Ser Ser Pro Ser Val Pro Ala Ala Asp Leu Ala Glu Tyr 270

1177 GGC TAC CCG CCG CCC GAC GGC AAG GAG GGC CCC TTC GCT TAC GGC GAG TTC CAG AGC GCG CTG AAG ATC AAG GAG GAG GGC GTC GGT CTG
Gly Tyr Pro Pro Pro Asp Gly Lys Glu Gly Pro Phe Ala Tyr Gly Glu Phe GIn Ser Ala Leu Lys 1le Lys Glu Glu Gly Val Gly Leu 300

1267 C€CC GCC GCT CCC CCC CCG TTC CTG GGC GCC AAG GCC GCC CCC GCC GAC TTC GCG CAG CCC CCG CGG GCC GGG CAG GAG CCC TCG CTG GAG
Pro Ala Ala Pro Pro Pro Phe Leu Gly Ala Lys Ala Ala Pro Ala Asp Phe Ala GIn Pro Pro Arg Ala Gly GIn Glu Pro Ser Leu Glu 330

1357 TGC GTC CTC TAC AAG GCC GAG CCG CCC CTC CTG CCC GGC GCA TAC GGG CCG CCC GCG GCC CCC GAC AGC CTG CCG TCC ACC TCG GCC GCG
Cys Val Leu Tyr Lys Ala Glu Pro Pro Leu Leu Pro Gly Ala Tyr Gly Pro Pro Ala Ala Pro Asp Ser Leu Pro Ser Thr Ser Ala Ala 360

1447 CCG CCC GGC CTC TAC TCG CCG CTG GGC CTT AAC GGG CAC CAC CAG GCG CTG GGC TTC CCC GCG GCC GTG CTC AAG GAG GGC CTG CCC CAG
Pro Pro Gly Leu Tyr Ser Pro Leu Gly Leu Asn Gly His His Gln Ala Leu Gly Phe Pro Ala Ala Val Leu Lys Glu Gly Leu Pro Gin 390

1537 CTG TGC CCG CCC TAC CTC GGC TAC GTG CGG CCA GAC ACA GAA ACC AGC CAG AGC TCC CAG TAC AGC TTT GAA TCG CTA CCC CAG AAG ATT
Leu Cys Pro Pro Tyr Leu Gly Tyr Val Arg Pro Asp Thr Glu Thr Ser GIn Ser Ser Gln Tyr Ser Phe Glu Ser Leu Pro Gin Lys Ile 420

1627 | TGT CTC ATC TGT GGT GAT GAG GCT TCT GGT TGC CAC TAC GGA GTA CTC ACC TGT GGA AGC TGT AAA GTC TTC TTT AAA AGG GCA ATG GAA
Cys Leu Ile Cys Gly Asp Glu Ala Ser Gly Cys His Tyr Gly Val Leu Thr Cys Gly Ser Cys Lys Val Phe Phe Lys Arg Ala Met Glu 450

1717 | GGG CAG CAC AAC TAT TTA TGT GCT GGA AGA AAT GAC TGC ATA GTT GAT AAA ATT CGT AGG AAG AAC TGT CCA GCG TGT CGC TTG AGG AAG
Gly GIn His Asn Tyr Leu Cys Ala Gly Arg Asn Asp Cys Ile Val Asp Lys Ile Arg Arg Lys Asn Cys Pro Ala Cys Arg Leu Arg Lys 480

1807 | TGC TGT CAA GCT GGA ATG|GTC CTG GGA GGT CGA AAA TTT AAA AAG CTT AAC AAA ATG AAG GTT GTG AGG ACA TTA GAT GTT GCA CTT CAG
Cys Cys GIn Ala Gly Met|val Leu Gly Gly Arg Lys Phe Lys Lys Leu Asn Lys Met Lys Val Val Arg Thr Leu Asp Val Ala Leu GIn 510

1897 CAG CCA GCC GTG CTT CAG GAT GAA ACC CAA TCT CTA ACG CAA AGG CTG TCC TTT TCT CCA AAT CAA GAA ATA CCG TTT GTT CCC CCA ATG
GIn Pro Ala val Leu GIn Asp Glu Thr GIn Ser Leu Thr Glin Arg Leu Ser Phe Ser Pro Asn GIr Glu Ile Pro Phe Val Pro Pro Met 540

1987 ATA AGT GTT TTG CGA GGC ATT GAG CCC GAA GTT GTC TAT GCT GGT TAT GAC AAT ACA AAA CCT GAA ACA CCA AGT TCC TTG CTG ACC AGT
Ile Ser Val Leu Arg lcly Ile Glu Pro Glu val val Tyr Ala Gly Tyr Asp Asn Thr Lys Pro Glu Thr' Pro Ser Ser Leu Leu Thr Ser 570

2077 CTA AAT CAT CTT TGT GAG AGG CAA CTG CTT TGT GTA GTC AAG TGG TCA AAA TTG CTA CCA GGA TTT CGG AAT TTA CAT ATT GAT GAC CAG
Leu Asn His Leu Cys Glu Arg GIn Leu Leu Cys Val Val Lys Trp Ser Lys Leu Leu Pro Gly Phe Arg Asn Leu His Ile Asp Asp GIn 600

2167 ATA ACT CTC ATC CAG TAT TCT TGG ATG AGT CTA ATG GTT TTT GCA ATG GGA TGG AGA TCA TAC AAA CAT GTC AGT GGT CAG ATG TTG TAT
1le Thr Leu Ile Gin Tyr Ser Trp Met Ser Leu Met Val Phe Ala Met Gly Trp Arg Ser Tyr Lys His Val Ser Gly Gin Met Leu Tyr 630

2257 TTT GCA CCG GAT CTG ATT CTG AAT GAA CAG AGG ATG AAA GAA TCA TCG TTC TAT TCA CTG TGT CTC TCC ATG TGG CAG CTC CCA CAG GAG
Phe Ala Pro Asp Leu Ile Leu Asn Glu GIn Arg Met Lys Glu Ser Ser Phe Tyr Ser Leu Cys Leu Ser Met Trp Gln Leu Pro GIn Glu 660

2347 TTT GTC AGA CTC CAA GTT AGT CAA GAG GAG TTT CTA TGT ATG AAA GCA CTA CTG CTT CTC AAT ACA ATT CCT TTG GAA GGT CTA AGA AGT
Phe Val Arg Leu Gin Val Ser GIn Glu Glu Phe Leu Cys Met Lys Ala Leu Leu Leu Leu Asn Thr 1le Pro Leu Glu Gly Leu Arg Ser 690

2437 CAA AGC CAA TTT GAT GAG ATG AGA ACG AGT TAC ATT AGA GAA CTG GTG AAG GCC ATT GGT TTG CGC CAG AAA GGT GTG GTG GCT AAC TCC
Gin Ser GIn Phe Asp Glu Met Arg Thr Ser Tyr Ile Arg Glu Leu Val Lys Ala Ile Gly Leu Arg GIn Lys Gly Val Val Ala Asn Ser 120

2527 CAG CGC TTC TAT CAG CTT ACA AAA CTG ATG GAT TCC ATG CAT GAT CTA GTG AAA CAG CTC CAT CTC TTC TGT CTG AAC ACA TTT CTC CAG
GIn Arg Phe Tyr GIn Leu Thr Lys Leu Met Asp Ser Met His Asp Leu Val Lys Gin Leu His Leu Phe Cys Leu Asn Thr Phe Leu Gln 750

2617 TCC CGT GCA CTG AGC GTT GAA TTC CCT GAG ATG ATG TCA GAG GTG ATT GCT GCA CAG CTG CCC AAG ATT CTG GCA GGG ATG GTG AAA CCT
Ser Arg Ala Leu Ser Val Glu Phe Pro Glu Met Met Ser Glu Val lle Ala Ala Gin Leu Pro Lys Ile Leu Ala Gly Met Val Lys Pro 780

2707 CTT CTC TTT CAC AAG AAG TGA AAT GTC TTT TCT CTT ATC GTA GAG ATG ATT TCT GGG TCG GTT TTT GTT TGT TTA TTT TGG TCA AGA TTT
Leu Leu Phe His Lys Lys *** 786

2797  TGCAATGTCAGGACTTCAGTGTATTTGTCATACCCTGCCTACTGCTTTATACT TGTAACATACACAAGCCAT TTAAGCT TGATGTACATATTGTGAGT TCCTGAT TCCT TAACTGCAAAA
2917 ATCACAACAGTCGTAAGAAGTGTTTTGTAAACTTGGGTAGATTGCTTTTTAGATATGCGTAAGAATGGCCGAATGAATAGAGT TTTCAGAT TTCTAAGAACAGTTATCTTATACATTTTT
3037 CTTACATATTACACACTTTCAAATTTCTGATATGACATGGTGTAAACCTTTTAATACACTGTGTGCATGGGTACACGTGGGCATGTGCATGGTCCTAAACATTTT 7 16
3157  TATATTGCCCACACTTTCTCACGGATCTTTGACTTTTTATTTACTAATCTCCTTCACAGAAATATCCTT TCAAAGTCAGCTGT IAM:T"AAG'AGAIAICACT@%
3277  TAACTGAACTGCTCTCTGCAAAATATGTAAATATGGATTCATGTTCTTCTCTGTGCTCATGCTGTATTGAAGT TCTGATATCAGTGTGCTTCTTTCTGCATCA) TCAGTGCAGTTCTCCT
3397  TCAAAAATCAGAAAGCAGAAGAAGATTTCAGTATATGT TATACCAGAAGTAGGATGTATGT TAACCCATACAGCT TCAGTTTGTGT TATTTTCCTTCAAACT TTGGCACT TAGTAAAGCT
3517 AAAAAACATTGTTGTAATCTTAAATTTATCAACTTAAAAGTTATGTATTTCAGAAGT TTTAAATAGAAATGT TTTTCCTGACTACCACTCTCAATAATCT TGATGGT T TGAATTCCCGTG
3637  CTGAATACCCAACCAGCCACTACCATCAAATTTTAGAGAGG T TAGAAACAAAAAGAAGTGGAAAATATGACCACAAACAGT T TGATAAACATAACAT TCATCTTAATACCAT T TAGTGAA
3757 GCTACATATTTTTTACTTTAAAGGCATGCTGT TATACT TGGAGTAACTGTATGAGGAGT TGGGC TAAACAAGCAT TGTACAT TCAAGAAGAATGTCATGCTTTTCATGGAAATGAAATGT
3877  TIGACTAAAAAATGATAGTGTGATGGTTGTTGTTCCTTTGGTATGGACATGAAGCTACTCATCTTTGAGGGAGTAAACTGC TGATATAT TCAGACAAACAGGAATGGATAAAGCCCAAGA
3997 AGAATTTIGGATTATY TCTGATAAAT TTTTACCAGC TCACTAGAAATGATACCCAGCT TCTCTAGCAC TAATCAACGTAGGAAAC TGCAAGTC T TGAATAAC TGC TGACCATACGC
4117 TATIGCTTTY ACTGGATGCATCCATTGTGGTAGCATTCTACTTATGGT T TGTAACATGGGATGTATGGACT TGTCT T TGTCAGG TAAGC TAAGGCCCA TCAAGAGGAAG
4237 CTGTGTAACAGY TAGGAATAAAAGCATCC TACATAGTACAAAACCCAC TGGAGT TGTGGCAAAGAAC TGACCCAAGGTAAAATGC TCTAAGCAGACTTTTGTGTTTGT TCACTAGGT TCA
4357 TAACTTTTAACTGCCCTRRRATAAGCTATTTCTTACTTATTCAATACAGTCTGACT TTCATCTGTGATCCT TAAAGCAAT TGTGT TTTAATAAATAACACAAGAT TCCGTTTCTAC- (A)gy
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oligo(dT)-primed Agt10 cDNA bank was constructed from size
selected (>3.5 kb) hen oviduct poly(A)* RNA. Using a
genomic probe encoding the 3’ half of the last exon, 22 clones
were isolated, of which 12 were polyadenylated. All of those
contained identical 3’ ends located downstream from the last poly-
adenylation signal site, strongly suggesting that the cPR mRNA
ends at position 4472 (see Figure 1) and that the last polyadenyla-
tion signal site is by far the preferred one.

The region containing the 5’ end of the cPR mRNA was first
localized by Northern blotting of poly(A)* RNA from laying
hen oviduct using the three single-stranded probes D, E and F
described in Materials and methods and in Figure 2C. Two clear
bands of ~4.5 and 3.3 kb and a fainter band of 6.5 kb were
revealed using probes D and E, whereas no RNA hybridizing
with probe F could be detected (Figure 2B, lanes 2, 4 and 6
respectively). A mixture of HeLa cell total RNA and
HindIIl - Pst] genomic DNA fragment (Control, see Figure 2C)
was run in parallel in lanes 1, 3 and 5. As expected only the
control DNA fragment was revealed in these lanes. These results
indicated that the 5’-end of the cPR mRNA was located within
a few hundred bases upstream of the Bgll(+20) site (Figure 2C).

The primer extension technique was then used to map more
precisely the position of the cap site. A single-stranded >2P-
labelled primer cut at the Bgl/I(+20) site (Primer, in Figure 2C)
was synthesized by elongation of the synthetic oligonucleotide
2 (Figure 1), using the HindIIl—PstI genomic DNA fragment
(Figure 2C) inserted in M13 as a template. When elongated in
the presence of oviduct poly(A)* RNA with reverse transcrip-
tase and cold dNTPs, this labelled primer yielded a major pro-
duct (Figure 2A, lane 2) which mapped at the position of a C
in the mRNA coding strand of the DNA [see the sequence lad-
der of the DNA obtained using the dideoxy method with [3S]-
dATP and the oligonucleotide 2 (Figure 1) as a primer]. Some
additional bands were visible both upstream and downstream of
the main band suggesting the existence of multiple initiation sites.
The 5'-end of the mRNA was also mapped with S1 nuclease us-
ing a ¥P-labelled probe C (Figure 2C, and Materials and
methods). After hybridization with oviduct poly(A)* mRNA
and S1 nuclease digestion, a major S1 nuclease-resistant DNA
fragment (Figure 2A, lane 4) migrated at the same position as
the reverse transcriptase extended primer (compare lanes 2 and
4). In this case also, several minor bands, possibly correspon-
ding to multiple initiation sites, were visible on the original auto-
radiogram. Under identical conditions, no primer extension nor
S1 nuclease-resistant products were seen using HeLa cell
poly(A)* RNA (lanes 1 and 3). Thus the 5'-end of the cPR
mRNA is most probably localized in a region centered on the
G indicated as +1 in Figures 1 and 2A and there may be multi-
ple initiation sites. That the 5'-end of the cPR mRNA is located
in this region was also supported by S1 nuclease mapping ex-
periments (not shown) carried out with 32p_labelled probes A
and B (Figure 2C), which resulted in protected fragments of the

expected lengths.

Chicken progesterone receptor

All of the above results lead us to conclude that the length of
cPR mRNA is very close to 4.5 kb, which is in good agreement
with the estimated size of the major poly(A)* RNA species
which was revealed on Northern blots with cPR cDNA probes
(see above). Results which will be published elsewhere indicate
that the 3.3 kb poly(A)" mRNA corresponds to a truncated
form of the cPR mRNA which has a 5'-end similar to that of
the 4.5 kb species but is interrupted in the coding region after
amino acid 451. The origin of the 6.5 kb species is unknown
but it may correspond to a splicing intermediate. It is important
to note that, with the exception of the cDNA clones which cor-
respond to the 3.3 kb mRNA species, we did not find any cDNA
clones with a sequence not co-linear with that of the 4.5 kb
mRNA in any of the chicken oviduct cDNA libraries which have
been used. In addition the study of genomic clones did not pro-
vide any evidence that the chicken genome may contain different
PR genes (to be published elsewhere).

In vivo and in vitro expression of the cloned cDNA shows
that it encodes the progesterone receptor form B

Two constructs, both containing the entire open reading frame,
were made using the expression vector pPKCR2 (Breathnach and
Harris, 1983) and the cPR cDNA. cPRO contains the cDNA from
position +29 to 2921, and thus most of the sequences coding
for the 5'-untranslated region of the mRNA, whereas this region
has been deleted in cPR1 where the ATG initiating the open
reading frame is preceded by an engineered Kozak consensus
sequence (Kozak, 1984a; see also Materials and methods and
Figures 1 and 3). Specific binding of the synthetic progestin
R5020 was readily detected in the cytosolic fraction of HeLa cells
or Cos-1 cells transfected with either cPRO or cPR1 and grown
in a steroid hormone-free medium (Materials and methods; data
not shown). Depending on the transfection efficiencies, specific
bindings of ~ 500 and 2000 fmol/mg protein were found in HeLa
and Cos-1 cells, respectively. When the affinity of the ‘cloned’
receptor for progesterone was determined by Scatchard analysis
(data not shown), a Kp, value of 4.7 nM was found, similar to
that of the ‘natural’ progesterone receptor [5 nM, (Schrader et
al., 1980)]. The ‘tight’ nuclear binding of the ‘cloned’ receptor
in the presence of hormone was analysed by adding labelled
R5020 to the medium of HeLa cells transfected with either cPRO
or cPR1. Under these conditions most of the progesterone recep-
tor was tightly bound to the nuclei of the transfected cells, since
at least 70% of the total specific R5020 binding could be ex-
tracted from these nuclei with 0.5 M, but not 0.15 M NaCl (data
not shown).

The size of the protein encoded in cPRO and cPR1 was deter-
mined by Western blotting analysis of cytosolic extracts from
Cos-1 cells transfected with either cPRO or cPR1. In both cases
(Figure 4A, lanes 4 and 8) polyclonal antibodies directed against
the hen oviduct cPR form B (Tuohimaa et al., 1984), revealed
a major band migrating at the same level as the ‘natural’ chicken
PR form B with an apparent mol. wt of 109 kd (Figure 4A, lane

Fig. 1. The chicken progesterone receptor: full-length cDNA nucleotide sequence and deduced amino-acid sequence. The 5'-flanking sequence of the chicken
PR gene is shown from —354 to the cap site (+1, arrow). The PR mRNA sequence begins at nucleotide +1 and ends at nucleotide +4472. The sequence
was determined from two genomic clones spanning position —354 to +1088 and +3626 to a position ~1 kb downstream of +4472, from four overlapping
cDNA clones corresponding to positions +29 to +1983, +1651 to +2635, +2563 to +2921, +2635 to the poly(A) tail and subclones derived therefrom.
The numbers on the left refer to the position of the nucleotides and those on the right to that of the amino-acids. The three oligonucleotides (oligo 1, 2 and 3)
used for probe synthesis (Materials and methods) are given below the corresponding sequence, the most 5'-end of the cloned cDNAs (close to the Bgll site,
underlined) is indicated by a filled triangle at +29. Asterisks indicate the in-frame termination codon upstream and downstream of methiopine 1. The two
only methionines present in the 5'-half of the open reading frame are boxed. An ATGTGA motif, present in the 5'-non-translated regiqn is marked by dashes,
a polyglutamic acid region is indicated by dots. Peptide sequences which were found in tryptic digests of homogeneous cPR form B (§u'npsqn et al., 1987)
are underlined. The central cysteine-rich DNA binding domain is boxed. In the 3'-untranslated region four potential polyadenylation signal sites are

underlined.
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Fig. 2. Mapping of the cPR mRNA 5’ end. A. A 6% sequencing gel
showing S1 nuclease (lanes 3 and 4) and primer extension (lanes 1 and 2)
mapping carried out as described in Materials and methods using poly(A)*
RNA from laying hen oviduct (lanes 2 and 4) or from HeLa cells (lanes 1
and 3). The lanes CTAG show the sequence ladder obtained using the
dideoxy method and oligo 2 as primer elongated in the presence of [a3S]-
dATP. Open triangles indicate the position of the major transcription start
site. B. Northern blot analysis performed according to Materials and
methods using 15 ug of RNA per slot. Lanes 1, 3 and 5 consist of total
HeLa cell RNA mixed with 2 ng of the HindIII—PstI fragment (see panel
C) as a positive control; lanes 2, 4 and 6 are poly(A)* RNA from oviduct.
The probes used for hybridization were D (lanes 1, 2), E (lanes 3, 4) and
F (lanes 5, 6). C. Map of the 5'-region of the cPR gene showing the
probes and the Primer used in A and B. The M13 universal primer (open
squares) was used to synthesize probes A and D, oligonucleotide 3 was used
for the synthesis of probes B and E, oligonucleotide 2 for the synthesis of
probe C and the Primer, and oligonucleotide 1 for probe F. The sequences
of oligonucleotides (1 to 3) indicated by the filled squares are depicted in
Figure 1. In all cases probe synthesis was carried out in the presence of
[a-32P]dATP, followed by digestion with Ncol (probes A, B and C), Bgll
(probes D, E and the Primer) and Nsil (probe F) and purification as
described in Materials and methods. The Ncol site (marked with an asterisk)
at —137 was introduced by site-directed mutagenesis.

3). Note that only trace amounts of protein are detected in lanes
4 and 8 with a migration similar to that of the ‘natural’ cPR form
A (79 kd, see lane 1). That the ‘cloned’ protein migrating with
an apparent mol. wt of 109 kd was the cPR receptor form B,
was further supported by electrophoretical analysis of the R5020
photoaffinity-labelled proteins in the cytosol of Cos-1 cells
transfected with cPRO. A single band (Figure 4b, lane 3) is pre-
sent on the autoradiogram, migrating at the same position as that
of the photoaffinity-labelled partially purified ‘natural’ cPR form
B (Figure 4B, lane 2). Again, no obvious band corresponding
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to the ‘natural’ cPR form A (lane 1) could be detected in the
cytosol of the transfected Cos-1 cells.

The protein encoded in the cPR cDNA was also characterized
using an in vitro transcription/translation system. The cPR cDNA
sequence from +314 to +2921 was inserted in the pPGEM vec-
tor to yield cPROG (Materials and methods), where it could be
transcribed in vitro under the control of the T7 promoter. cPR1G
which contains the cPR sequence present in cPR1 was constructed
similarly. The in vitro synthesized cPR mRNA was then
translated in a rabbit reticulocyte lysate in the presence of [>°S]-
methionine. Identical results were obtained using either cPROG
or cPR1G (not shown). The translation of cPROG RNA resulted
in the appearance of several major proteins (bands 1 —4 in Figure
5, compare lanes 1 and 2). The largest protein had an apparent
mol. wt of 109 kd and migrated at the same level as the R5020
photoaffinity-labelled ‘natural’ cPR form B (not shown in this
figure). Note that, in contrast to the results obtained in vivo with
cPRO (see above), a protein migrating with an apparent mol. wt
of 79 kd (band 2), at the same level as the R5020 photoaffinity-
labelled ‘natural’ cPR form A (not shown in this figure), could
be seen amongst the in vitro transcription products (see below).

Functional analysis of the chicken progesterone receptor

An amino acid sequence comparison between the chick pro-
gesterone receptor and its human (Misrahi et al., 1987 and
A Krust, U.Stropp, P.Kaster and P.Chambon, unpublished
results) and rabbit (Loosfelt ez al., 1986) counterparts reveals
two highly conserved regions. The cysteine-rich region C span-
ning from amino acid number 410 to 495 (see Figure 1 and top
of Figure 3) exhibits a 100% conservation, whereas region E
from amino acid 540 to the C-terminus is 87 % conserved, when
compared with the PR of mammals whose ancestors diverged
from those of birds ~ 100 million years ago. These two regions
are separated by a region D of lower homology (~60%). On
the other hand, the N-terminal region [termed A/B by analogy
with the corresponding region of the oestrogen receptor (Krust
et al., 1986)] of these PRs diverges very significantly both in
sequence and length (556, 556 and 409 amino acids for the
human, rabbit and chicken PRs respectively). It is in fact this
region which is responsible for the size difference between the
cPR and mammalian PRs. As reviewed and discussed elsewhere,
the highly conserved regions C and E of the progesterone receptor
can be easily aligned with regions similarly located in the recep-
tor of other members of the steroid/thyroid hormone receptor
supergene family, whereas no conservation could be detected in
regions A/B and D (Krust et al., 1986; Green et al., 1987,
Gronemeyer et al., 1987). Functional studies of the oestrogen
(Kumar et al., 1986) and glucucorticoid (Giguere et al., 1986;
Danielson et al., 1986; Godowski et al., 1987; Hollenberg et
al., 1987; Miesfeld et al., 1987; Rusconi and Yamamoto, 1987)
receptors have shown that the 66 amino acid-long core of region
C, which is characterized by a specific cysteine-repeat motif
(amino acids 421 to 486 in the cPR, see the boxed sequence in
Figure 1 and also top of Figure 3) contains the domain responsi-
ble for ‘tight’ nuclear binding and specific recognition of the hor-
mone responsive elements of the target genes (Green and
Chambon, 1987; Kumar et al., 1987 and V.Kumar, S.Green,
G.Stack, M.Berry, J.R.Jin and P.Chambon, submitted). It has
also been shown that region E of these receptors contains the
hormone-binding domain and that this domain can function in-
dependently (Kumar et al., 1986; Green et al., 1987; Gronemeyer
et al., 1987).

Based on these results, we constructed the expression vector
cPR3 which contains the C, D and E regions (see Figure 3 and
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1 128
ATG 410 495 540 786 HORMONE  ACTIVATION OF
1 BINDING TRANSCRIPTION
A/B CcC |D E
Cytopl.  Nucl. MMTV-HRE
5LuT 421 486
cPRO  + + 100%
cPR1 + + 120%
cPR2 + + 50%
cPR3  + + <1%
cPR4 - NA <1%
cPRS - NA <1%
cPR6 - NA 0

Fig. 3. Domain structure and functional properties of the cPR and its deletion mutants. Based on an amino acid sequence comparison with its human (Misrahi
et al., 1987) and rabbit (Loosfelt et al., 1986) counterparts, the cPR has been subdivided into two highly conserved regions C (AA 410495) and E (AA
540-786) exhibiting 100% and 87% homology with the mammalian PRs, respectively, separated by a region D of lower homology (~60%) and a N-terminal
region A/B, differing considerably both in length and amino acid sequences from the mammalian progesterone receptors. The nomenclature of these regions is
in analogy to Krust er al. (1986), the amino acid position of their boundaries is given at the top, as well as the two only ATGs present in region A/B. The
central cysteine-rich core of region C (amino acids 421 to 486, see text) is indicated by dashed lines. A solid black bar represents the cPR sequences present
in the deletion mutants (cPR2 to cPR6) with the deleted portion as a gap. The wild-type cPR sequence, cPRO, contains all 786 amino acids as well as the 5’
untranslated sequence (5'-UT) downstream of position +29 (see Figure 1), indicated as an open box. The same 5'-region is also present in cPR4 whereas it is

deleted in the other recombinants. The mutants cPR1 to cPR3 and cPRS5 to cPR6 all contain ‘consensus’ Kozak sequences (Materials and methods) at their
translational start sites. On the right side under HORMONE BINDING the ability of the various mutants to bind either progestins in cytoplasmic extracts
(Cytopl.) or the ability of the progestin—receptor complex to bind tightly to HeLa cell nuclei (Nucl.) is shown (Materials and methods). (+) indicates wild-
type PR characteristics, (—) indicates the absence of specific progestin binding. The ability of cPR wild type and mutant constructs to trans-activate
transcription by interacting with the MMTV HRE is shown on the very right (ACTIVATION OF TRANSCRIPTION). The data which correspond to the
average of at least three independent quantitative S1-nuclease analyses with different plasmid preparations (see Materials and methods and text), were obtained
from densitometric scans of the autoradiograms and were corrected for transcription from the cotransfected internal control recombinant pG1B (see also Figure

6B). The values are relative to cPRO taken as 100%. NA, not applicable.

Materials and methods). When transfected into HeLa cells grown
in an hormone-free medium, cPR3 resulted in the appearance
of a truncated cPR protein which bound progesterone with ‘wild
type’ characteristics indistinguishable from those of the protein
encoded in cPRO or cPR1 (see above; Figure 3 ‘cytopl.” and data
not shown). ‘Tight’ nuclear binding was also observed with the
truncated receptor encoded in cPR3 (Figure 3 ‘nucl.’ and data
not shown). These results suggest very strongly that regions C
and E of the cPR have the same functions as those previously
established for the corresponding domains of the oestrogen and
glucocorticoid receptors (see above). In particular it appears that
the highly conserved region E can function as an independent
progestin-binding domain because expression of the isolated
region E resulted in the appearance of a truncated protein capable
of binding progestins (data not shown). As expected no hormone
binding could be detected in cells transfected with recombinants
in which region E was deleted (cPR4, cPRS or cPR6, see below
and Figure 3).

It has been shown that not only the glucocorticoid receptor
(GR), but also the PR can activate initiation of transcription in
vivo from the MMTV LTR by interacting with its hormone-
responsive element (HRE) (Cato et al., 1986; 1987). This obser-
vation prompted us to investigate whether the ‘cloned’ cPR could
trans-activate transcription from the MMTV LTR. cPRO and
cPR1 were transfected in HeLa cells grown in the presence or
absence of R5020, together with the MMTV-CAT reporter gene
(Cato et al., 1987). A clear hormone-dependent stimulation of
CAT expression was observed with cPRO, cPR1 or cPR2 (Figure
6A, compare lanes 3, 5 and 7 with lanes 4, 6 and 8; see also
lanes 1 and 2 which correspond to transfections with the parent
expression vector pKCR2). The results shown in Figure 6A in-
dicate also that the truncated cPRs encoded in cPR3 (lanes 9 and
10) and cPRS (lanes 11 and 12) had a drastically decreased

stimulatory activity which, as expected, was independent of the
presence of the hormone in the case of cPRS. No stimulation
could be detected when cPR6 (lanes 13 and 14) was used. Similar
results were obtained when transfections were performed in
Cos-1, instead of HeLa cells (data not shown). These decreases
in stimulatory activity were not due to reduced amounts of trun-
cated receptor proteins in the transfected cells as shown by hor-
mone binding in the case of cPR3 (data not shown) and Western
blot analysis of the cytosolic proteins of Cos-1 cells transfected
with either cPR4, 5 or 6 [Figure 4A, lanes 5, 6 and 7 respec-
tively, in which truncated proteins with the expected size were
present in amounts similar to those observed for the proteins en-
coded in cPRO (lane 8), cPR1 (lanes 4) and cPR2 (lanes 2)].

In order to quantify more rigorously the transcriptional
stimulatory activity of the various deletion mutants, RNA was
determined by quantitative S1 nuclease analyses using an MMTV
LTR-based reporter recombinant in which the CAT sequence was
replaced by a promoterless rabbit 3-globin gene (MMTV-globin
or MG, see Materials and methods). In addition, in order to be
able to correct for variations in transfection efficiencies, an in-
ternal control recombinant (pG1B) containing the rabbit 3-globin
gene and its promoter was co-transfected. Using this system, the
RNAs initiated at the MMTV LTR startsite (+1 MG in Figure
6B) and at the globin startsite of pG1B (+1 pG1B) could be quan-
titatively determined by scanning the autoradiograms of
polyacrylamide-urea gels, following hybridization with a single
stranded 2P-labelled DNA probe and nuclease S1 digestion
(Materials and methods). The results of a representative transfec-
tion experiment in HeLa cells is displayed in Figure 6B, and the
average values obtained by scanning at least three similar auto-
radiograms are given in Figure 3, relative to those obtained with
cPRO (taken as 100%, after correction for transcription from the
internal control pG1B). A very strong stimulation (> 100-fold)
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Fig. 4. Analysis by immunoblotting and photoaffinity labelling of the
‘cloned’ cPR and cPR deletion mutants. A. Immunoblot of partially purified
(Gronemeyer et al., 1985) hen oviduct progesterone receptor forms A (lane
1) and B (lane 3) and of crude cytosol prepared from Cos-1 cells transiently
transfected with cPRO (lane 8), cPR1 (lanes 4), cPR2 (lanes 2), cPR4 (lane
5), cPR5 (lane 6) and cPR6 (lane 7). Approximately 9 ug, 12 pg and 60 pg
of total protein of the oviduct partially purified forms A and B, and of the
Cos-1 cell cytosol, respectively, were separated on a 7.5%

SDS —polyacrylamide gel and processed for immunoblotting as described
(Jeltsch et al., 1986) using polyclonal antiserum directed against the chick
oviduct cPR form B (Tuohimaa et al., 1984) at a dilution of 1:200. The
mol. wts indicated on the left are derived from prestained mol. wt markers
(BRL) transferred onto the same blot left and right of the sample lanes.

B. Partially purified chick oviduct cPR form A (lane 1) and B (lane 2) and
crude cytosol of Cos-1 cells transiently transfected with cPRO (lane 3) were
incubated with [*H]R5020 and photoaffinity labelled by UV-irradiation as
described (Gronemeyer et al., 1985). The cross-linking products were
separated on a 7.5% SDS—polyacrylamide gel and visualized by
ﬂuorogra}:)hy using EN>HANCE(NEN). Exposure time was 3 weeks. The
size of “C-labelled protein markers (M) is given on the left.

was observed with cPRO in the presence of the progestin R5020.
In fact this stimulation was ~4-fold higher than that obtained
under identical conditions (but in the presence of triamcinolone
acetonide) with HG1, a pKCR2-based vector expressing the
human glucocorticoid receptor (Kumar et al., 1987).

The stimulatory activity of cPR1 was very close to that of
cPRO, whereas that of cPR2 which encodes a truncated receptor
which may correspond to the ‘natural’ cPR form A (see below)
was decreased by approximately 2-fold. In agreement with the
results of the CAT assay, deletion of the A/B region down to
amino-acid 405 resulted in a decrease of stimulation of transcrip-
tion by at least two orders of magnitude (cPR3 in Figure 6B,
lanes 11 and 12 and Figure 3). This is particularly striking
because the truncated PR protein encoded in cPR3 bound pro-
gesterone with ‘wild’ type characteristics and was ‘tightly’ bound
to the nucleus in the presence of progestins (see above). Finally,
very little (cPR4 and cPRS, Figure 6B, lanes 13 —15 and Figure
3) or no (cPR6, Figure 3 and data not shown) stimulation of
transcription was observed with the other deletion mutants, as
expected from the results obtained with MMTV-CAT.
Possible origin of the chicken progesterone receptor form A
Previous work from our laboratory has provided strong evidence
that the progesterone receptor form B (apparent mol. wt 109 kd)
and form A (apparent mol. wt 79 kd) both of which can be found
in chicken oviduct, are structurally and immunologically close-
ly related (Gronemyer et al., 1983; Gronemeyer et al., 1985 and
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Fig. 5. In vitro translation of the chicken progesterone receptor and
blocking of initiation at AUG 1 and AUG 128. The mRNA corresponding
to the cPR sequences +314 to +2921 or +748 to +2921 (see Figure 1)
was synthesized in vitro from cPROG and cPR2G respectively, as described
in Materials and methods. Identical aliquots of the same cPROG-derived
RNA preparation (~ 100 ng) were hybridized with no (lane 2) or 8 ng
(lanes 3, 8, 13), 40 ng (lanes 4, 9, 14), 200 ng (lanes 5, 10, 15), 100 ng
(lanes 6, 11, 16) or 2000 ng (lanes 7, 12, 17) of one of the three synthetic
oligonucleotides (as indicated) corresponding to sequences surrounding the
first (anti-AUG 1) or the second (anti-AUG 128) ATG present in the
5'-region of the cDNA (see Figure 1), or to an unrelated sequence (non-
specific) before translation in vitro in the presence of [>>S]methionine (see
Materials and methods). The labelled proteins were separated by SDS —gel
electrophoresis and visualized by fluorography. Lane 1 corresponds to an in
vitro translation reaction where no RNA was added. The in vitro translation
products obtained with cPR2G-derived mRNA, without (lane 18) or with
previous hybridization with 4 ng (lane 19), 62 ng (lane 20) or 1000 ng
(tane 21) of oligonucleotide anti-AUG 1 are also shown. The protein bands
corresponding to translation inhibition at Met-1, Met-128, Met-486 and
Met-540 are numbered 1, 2, 3 and 4, respectively. Their mol. wts are
determined as 109 kd (band 1), 79 kd (band 2), 34 kd (band 3) and 29 kd
(band 4), as indicated on the left side. The '“C-labelled molecular markers
[M] are the same as in Figure 4B.

see Introduction). The present cloning of the cPR cDNA as well
as that of the corresponding genomic sequence (to be published
elsewhere) exclude that forms A and B could be the products
of different genes. Furthermore we found no evidence that form
A could be encoded in a different mRNA generated by alter-
native termination of transcription or alternative splicing. In ad-
dition, since the ‘natural’ forms A and B bind progestin and the
hormone-binding domain is located in the C-terminal region (see
above), it is most probable that the difference between the two
proteins resides in their N-terminal region. Therefore, two basic
possibilities have to be considered: (i) form A corresponds to
a protein which is initiated from an internal AUG; or (ii) form
A results from proteolysis of form B in its N-terminal region.

There is only one AUG codon (AUG 128, boxed in Figure
1) between the AUG which initiates the open reading frame of
the cPR form B (AUG 1) and the beginning of domain C. Initia-
tion at AUG 128 would yield a protein with a calculated mol.
wt of 72 kd, close to the apparent mol. wt of the ‘natural’ form
A. The expression vector cPR2 (Figure 3 and Materials and
methods) whose initiation codon corresponds to AUG 128, and
its cPR2G counterpart for in vitro transcription/translation
(Materials and methods), were constructed to study whether the
‘natural’ form A may correspond to a protein initiated at AUG
128. Expression both in Cos-1 cells in vivo (Figure 4A, lanes
2) and in vitro (Figure 5, lane 18) resulted in a protein with an
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Fig. 6. Activation of transcription by the cPR and its deletion mutants.

(A) CAT assay using the cytosol of HeLa cells transiently transfected with
1 ug of the cPR expression vectors (lanes 3—14, as indicated) or with the
parent vector pKCR2 (lanes 1 and 2) and grown in the presence (+) or
absence (—) of 5 nM R5020. The reporter plasmid used was MMTV-CAT
(Cato et al., 1987). The amount of extracts for the CAT assay were
normalized by measuring the B-galactosidase activity generated from the co-
transfected vector pCH110 (Pharmacia) which encodes the E. coli 8-
galactosidase. (B) Quantitative S1 nuclease analysis. The human
glucocorticoid expression vector (HG1, lanes 1 and 2), the parent vector
pKCR2 (lanes 3 and 4) or the cPR expression vectors as indicated (lanes
5-15) were co-transfected in HeLa cells together with a MMTV-globin
reporter recombinant (MG) and the internal reference vector pG1B (for
description of these recombinants, see Materials and methods). The cells
were grown in the presence (+) or absence (—) of 5 nM progestin (R5020)
or triamcinolone acetonide (TA) as indicated. After isolation of the RNA,
hybridization and S1 nuclease treatment were resolved on denaturing
polyacrylamide gels. The fragments seen on the autoradiogram correspond
to RNA initiated at the startsite of transcription in the MMTV LTR (208
nucleotides in length, indicated by +1MG) and in the internal control
recombinant (60 nucleotides in length indicated by +1 pG1B).

apparent mol. wt of 79 kd, identical to that of the ‘natural’ form
A revealed either by immunoblotting (Figure 4A, lane 2) or
photoaffinity labelling with R5S020 (data not shown). On the other
hand, a protein with a similar apparent mol. wt could be detected
on immunoblots of Cos-1 cells transfected with cPRO or cPR1
(see above and Figure 3) only after a long exposure of the
autoradiograms [Figure 4A, lane 4 and 8; note that both forms
A and B can be detected in equal amounts in laying hen oviduct
cytosol using photoaffinity labelling (Gronemeyer et al., 1983;
Gronemeyer and Govindan, 1986)]. In contrast, a protein
migrating similarly to the ‘natural’ form A was readily visible
on the autoradiograms of the in vitro products of transcrip-
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tion/translation of cPROG (Figure 5, lane 2) or cPR1G (data not
shown). From these results we concluded that: (i) the protein
initiated at AUG 128 has an apparent mol. wt identical to that
of the ‘natural’ form A; (i) such a protein is also present in the
in vitro translation products of an mRNA coding for the form
B, whereas it is barely detectable in the products synthesized from
such an mRNA in Cos-1 cells in vivo.

To investigate whether the putative form A synthesized in vitro
could be internally initiated at AUG 128, we studied the effect
on its synthesis of hybridizing oligonucleotides complementary
to the regions containing AUG 1 or AUG 128 (Figure 5). Den-
sitometric scanning of this and similar autoradiograms indicated
that the synthesis of the 79 kd form A from cPROG mRNA was
50% inhibited by the oligonucleotide anti-AUG 128 (lane 10),
under conditions where it was not specifically inhibited by either
the oligonucleotide anti-AUG 1 (lane 5) or a control non-specific
oligonucleotide (lane 15) (~25% inhibition in both cases; see
also lane 20). Furthermore, the band 1 (form B)/band 2 (form
A) ratio decreased in the presence of increasing amounts of the
oligonucleotide anti-AUG 1, whereas the reverse situation was
observed with the oligonucleotide anti-AUG 128 and no change
of this ratio was observed with the control non-specific oligo-
nucleotide. It appears therefore that at least under these in vitro
conditions, internal initiation from AUG 128 can occur resulting
in a protein with the same mol. wt as the ‘natural’ form A.
Internal initiation at AUG 486 and AUG 540 would also account
for the synthesis of the 34 kd and 29 kd in vitro translation pro-
ducts (bands 3 and 4 in Figure 5), which have no known in vivo
counterparts (Gronemeyer and Govidan, 1986). On the other
hand, it is most probable that the bands migrating between the
109 kd and 79 kd proteins correspond to proteolytic products of
the form B, since in all cases their relative intensity followed
closely that of the 109 kd form B.

There is a marked discrepancy between the mol. wt of the cPR
form B (85 941 daltons) deduced from its amino acid sequence
and its apparent mol. wt estimated from its electrophoretic migra-
tion (109 kd). On the other hand, there is a good agreement bet-
ween the cDNA derived (72 kd) and the observed (79 kd) mol.
wts of the protein encoded in cPR2 which is initiated at AUG
128. This observation indicates that the above discrepancy is most
probably related to an amino acid sequence located upstream: of
methionine 128. This conclusion is further supported by the
observation that the apparent mol. wts of the proteins encoded
in cPR4 (Figure 4A, lane 5), cPRS (Figure 4A, lane 6) and cPR6
(Figure 4, lane 7) are also larger by ~21 kd than expected from
the mol. wts deduced from their amino acid sequence (81 kd,
73 kd and 69 kd versus 60 kd, 52 kd and 48 kd, respectively).
The unusual migration of these proteins, as well as that of the
form B, is most probably due to the presence of the polyglutamic
acid stretch which is highlighted by dots in Figure 1 (amino acids
49 to 77). Similar abnormal electrophoretic behaviours, due to
the polyglutamic acid sequences have indeed been observed for
other proteins (Dingwall et al., 1987; Earnshaw et al., 1987).

Discussion

The cloned cDNA encodes the form B of the chicken
progesterone receptor

Two ‘natural’ forms of the progesterone receptor with apparent
mol. wts of 109 kd and 79 kd have been previously found in
approximately equimolar amounts in the chicken oviduct (see In-
troduction). Our present results indicate that both of them are
encoded in a single 4472 nucleotide-long mRNA whose in vivo
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and in vitro translation yields a protein which is indistinguishable
from the ‘natural’ form B by electrophoretic migration, binding
of progestins and ‘tight’ nuclear association following binding
of the hormone in vivo. The discrepancy between the present
mol. wt of cPR form B deduced from its amino acid sequence
(85 941 daltons) and its apparent mol. wt (109 kd) estimated from
its electrophoretic migration in SDS—polyacrylamide gels
(Schrader et al., 1980; Gronemeyer and Govindan, 1986) appears
to be due to the presence of a polyglutamic acid stretch in its
N-terminal region. The possible significance of this sequence is
unknown, but it is interesting to note that various amino acid
homopolymers (usually polyglutamine) have been found in other
proteins involved in development, such as the homeogene pro-
teins (the so-called OPA sequences; for refs., see Wharton et
al., 1985; Laughon et al., 1985) and in some nuclear proteins
(Dingwall et al., 1987; Earnshaw et al., 1987). However this
polyglutamic acid sequence is not present in the rabbit (Loosfelt
et al., 1986) nor in the human (Misrahi et al., 1987; unpublish-
ed results from our laboratory) progesterone receptors.

In vivo expression in Cos-1 cells of a cloned cPR ¢cDNA deleted
for the sequences located upstream from the AUG coding for
methionine 128 resulted in the appearance of a protein in-
distinguishable from the natural cPR form A by both its elec-
trophoretic migration and hormone binding properties. From
these results, it appears that the N-terminus of the ‘natural’ cPR
form A is either at, or very close to, methionine 128. Thus the
natural form A could correspond to either internal initiation of
translation at the AUG coding for methionine 128 or to a specific
proteolysis of form B occurring very close to this methionine.
Our in vitro translation studies indicate that a protein with an
electrophoretic mobility identical to that of the ‘natural’ cPR form
A can result from translation of form B mRNA by initiation at
the internal AUG coding for methionine 128. However in vivo
expression in Cos-1 cells of the cloned cPR cDNA encoding the
form B yielded only very low amounts of a protein migrating
like the ‘natural’ cPR form A. Thus this internal initiation of
translation must be a cell-specific process if it is responsible for
the synthesis of the oviduct cPR form A as suggested by our in
vitro results. The present study does not exclude that proteolysis
could be responsible for the generation of the ‘natural’ form A;
however our results indicate that this process, if occurring, must
also exhibit cell-specificity. Determination of the N-terminal
amino acid of the oviduct cPR form A is obviously required to
definitely establish how this cPR form is generated from the same
mRNA species as that coding for form B. We note in this respect
that both the human and rabbit (Loosfelt et al., 1986; Misrahi
et al., 1987) PR mRNAs contain an internal methionine
equivalent to that present at amino acid position 128 in the cPR.
Interestingly, although both A and B forms have been found
‘naturally’ in human breast cancer cells (Horwitz et al., 1985),
Milgrom’s group has shown conclusively that in the rabbit uterus
form A is an in vitro proteolytic product (Logeat et al., 1985).

Functional domains of the chicken progesterone receptor

The striking amino acid conservation of domains C and E of the
chicken, rabbit (Loosfelt et al., 1986) and human (Misrahi et
al., 1987) progesterone receptors suggests that they have the same
function as the homologous domains C and E of the oestrogen
and glucocorticoid receptors (for refs. and reviews, see
Gronemeyer e al., 1987). Our results indicate that the cPR region
E does indeed contain the progestin-binding domain and suggest
that region C is responsible for ‘tight’ nuclear binding. It is
therefore likely that the highly conserved region C, whose se-
quence has the potential to form DNA-binding fingers (Jeltsch
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et al., 1986), is responsible for DNA-binding and the specific
recognition of the hormone responsive element of target genes
(for reviews and refs., see Green et al., 1987; Gronemeyer et
al., 1987; Kumar et al., 1987; V.Kumar, S.Green, G.Stack,
M.Berry, J.R.Jin and P.Chambon, submitted).

Our present study shows that the cPR form B encoded in the
cDNA activates the hormone responsive element present in the
MMTYV LTR when expressed in human HeLa cells. This result,
which is in keeping with the previous studies of Cato et al. (1986,
1987) who showed that the human PR present in T47-D cells
has a similar effect, indicates that no other chicken component
besides the PR is required for activation of transcription in human
cells. In addition it appears that the ‘cloned’ cPR is at least as
efficient as the ‘cloned’ human glucocorticoid receptor (GR) at
activating the MMTV LTR HRE (Figure 6). In view of the strik-
ing amino acid sequence homology (90%) between the PR, GR
and mineralocorticoid receptor regions C (Jeltsch et al., 1986;
Arriza et al., 1987) it will be interesting to determine whether
the glucocorticoid, mineralocorticoid and progesterone respon-
sive elements of the MMTV LTR are identical.

It has been reported that mutations which delete part, or all,
of the hormone binding domain (regions E) of the human
oestrogen receptor (hER) are accompanied by an almost com-
plete loss of activation of two different oestrogen-responsive
elements (ERE) (Kumar et al., 1987; V.Kumar, S.Green,
G.Stack, M.Berry, J.R.Jin and P.Chambon, submitted) whereas
similar deletions result in a constitutive (hormone-independent)
activation of the MMTYV LTR glucocorticoid-responsive element
by either the human (Hollenberg et al., 1987) or the rat
(Godowski ez al., 1987) ‘cloned’ GR. Our present results show
clearly that the hormone-binding domain of the cPR is essential
for activation of the MMTYV progesterone responsive element
(PRE). Deletions of the A/B region of the oestrogen and glucocor-
ticoid receptors have led to various effects on activation of
transcription. Deletions in this region in the human (Hollenberg
et al., 1987) GR resulted in up to 90% decrease of stimulation
of transcription from the MMTV LTR. A similar decrease was
observed with an hER deleted for region A/B when using the
human pS2 gene ERE, whereas there was no decrease using a
Xenopus vitellogenin gene ERE (Kumar ez al., 1987). It is clear
from our present results that some sequences located in the cPR
region A/B, downstream from methionine 128, are essential for
activation of the MMTV PRE (see cPR2 and cPR3, in Figure
3). Since there is a significant conservation in the amino acid
sequence of the chicken, human and rabbit PRs for ~40 amino
acids upstream from the deletion end point of cPR3, it will be
interesting to investigate whether this region is important for ac-
tivation of transcription. Finally we note that the ‘cloned’ PR
form A (cPR2 in Figures 3 and 6) is almost as efficient as the
‘cloned’ form B at activating transcription from the MMTV PRE,
indicating that, if actually made in the chicken oviduct, the
‘natural’ cPR form A may activate transcription from target
genes.

Materials and methods

Isolation of cDNA clones and sequencing

Overlapping clones covering the entire cPR mRNA were isolated from the Agt10
and Agt11 libraries described earlier (Jeltsch et al., 1986). The isolation of clones
corresponding to the cPR gene will be reported in detail elsewhere. For the deter-
mination of the mRNA 3’ end region an oligo(dT)-primed Agt10 library was con-
structed using size-selected hen oviduct mRNA (>3.5 kb). Screening of 2 X 10°
recombinants with a genomic probe covering the 3’ half of the last exon gave
22 positive clones; 12 of these contained a poly(A) sequence and identical 3’
ends. The remaining 10 clones lacked parts of the 3’ untranslated region.



Sequencing of overlapping DNA fragments was performed on both strands by
the Sanger dideoxy technique. GC-rich regions were sequenced according to
Mizusawa et al., (1986) and confirmed by the chemical degradation method
(Maxam and Gilbert, 1980).

S1 nuclease and primer extension analyses

Probes for the determination of the mRNA 5’-end by S1 nuclease mapping and
primer extension analysis were synthesized using a single-stranded M13mp19
clone containing the HindIII—PstI gene fragment located in the 5’-end region
of the gene (see Figure 2C). Second strand synthesis was primed with synthetic
oligonucleotides (probe A: M13 universal primer; probe B: oligo 3 in Figure
1; probe C and the Primer: oligo 2 in Figure 1) in the presence of 1 uM [a->°P]-
dATP (specific activity 800 Ci/mmol) as a radioactive precursor and DNA
polymerase I (Klenow fragment, 10 units, Appligene). After cleavage with Ncol
(S1-nuclease probes) or Bgll (Primer), the labelled DNA was isolated on a 4%
denaturing polyacrylamide gel and electroeluted. Hybridizations were perform-
ed overnight at 50°C in 20 pl of 400 mM NaCl, 40 mM Pipes pH 6.5, 50%
formamide with 10 pg of hen oviduct poly(A)* RNA and about 200 000 c.p.m.
of probe (or Primer). S1 nuclease (300 units, Appligene) digestions were car-
ried out in 200 ul of 30 mM sodium acetate pH 4.5, 300 mM NaCl and 3 mM
ZnCl, for 2 h at 25°C. Primer extension was in 50 mM Tris—HCI pH 8.3,
8 mM MgCl,, 250 uM of each dNTP using 50 units of reverse transcriptase
(Molecular Genetic Resources) in a total volume of 200 ul.

mRNA analysis by Northern blotting

Total RNA was isolated according to Auffray and Rougeon (1980), purified by
oligo(dT)-cellulose chromatography, electrophoresed on 1.3% agarose-form-
aldehyde gels, transferred to nitrocellulose filters and hybridized according to
standard procedures with probes D, E and F (Figure 2C). Final washes were
at 55°Cin 0.2 X SSC, 0.1% SDS. All probes were synthesized in the presence
of [a-*2P]dATP by primer extension using either the M13 universal primer (pro-
be D) or oligo 3 (probe E in Figure 2C, see also Figure 1) or oligo 1 (probe
F in Figure 2C, see also Figure 1) and a single stranded M13mp19 DNA con-
taining the HindIII—-PstI gene fragment (Figure 2C). Probes D, E and F were
isolated as described above after digestion with Bg/I (probe D and E) or Nsil
(probe F).

Construction of vectors expressing the progesterone receptor and its mutants
in vivo

The cPR expression vectors were constructed using a genomic DNA fragment
containing the HindIII— Ps:I region of the cPR gene (see Figure 2C) and several
overlapping cDNA fragments. These fragments were inserted into the EcoRlI site
of the eucaryotic expression vector pKCR, (Breathnach and Harris, 1983). The
cPR expression vector series cPRO to cPR6 was constructed (see Figure 3) using
site-directed mutagenesis (Kumar et al., 1986) and synthetic oligonucleotide adap-
tors. cPRO contains the cDNA sequence between +29 and +2921 (see Figure
1), cPR1 the cDNA sequence between +367 and +2921 and the sequence
5'-GATCCTCGAGCCACC-3' upstream of it to provide an initiation codon within
a Kozak consensus sequence. cPR4 was derived from cPRO by deleting the se-
quences downstream from +1983 (amino acid 539) and adding at this position
the sequence 5'-GAATTCACTCCTCAGGTGCAGGCTGCCTATCAGAAG-
GTGGTGGCTGGTGTGGCCAATGCCCTGGCTCACAAATACCACTGA-3'.
cPR5 was derived from cPR1 by deleting the sequences downstream from +1855
(amino acid 496) and adding at this position the sequence 5'-GATGTACAT-
ATTGTGAGTTCCTGA-3'. cPR6 is identical to cPR1 up to +1718 (amino acid
451) and has the sequence 5'-TACTATATCATACCATTGTTCCTAA-3’
downstream of it.

Construction of expression vectors for in vitro transcription/translation

For in vitro transcription the cPR sequences of cPR1 and cPR2 were inserted
downstream of the T7 promoter in pGEM-1 (Promega), to yield cPR1G and
cPR2G respectively. cPROG is equivalent to cPRO in pGEM-1 but it does not
contain the sequences upstream of +314. In vitro transcription and in vitro transla-
tion was done essentially as described by Kumar (1986). The 33S-labelled trans-
lation products were resolved on 7.5% SDS —polyacrylamide gels and visualized
by fluorography using ENSHANCE (NEN). For blocking the initiation of trans-
lation identical aliquots containing ~ 100 ng of in vitro synthesized RNA were
incubated with increasing amounts of oligonucleotides anti-AUG 1 (5'-CTTCAC-
CTCGGTCATGCTGC-3'), anti-AUG 128 (5'-GGGGCCGCGGCTCATCGG-
GG-3') or with an unrelated oligonucleotide (5'-TTCACCCTCTCTTTCAGA-3")
in a volume of 5 ul for 15 min at 70°C, before adding the translation mixture.

Determination of the transcriptional activation of the MMTV-LTR
progesterone responsive element by quantitative S1 nuclease analysis

and CAT assay

A reporter recombinant suitable for RNA determination by quantitative S1 nuclease
analysis and containing the steroid hormone responsive element(s) of the MMTV
LTR was constructed as follows. The MMTV LTR Haelll fragment (—635 to
+122) was inserted upstream from the promoterless 8-globin gene of pAO (Zenke

Chicken progesterone receptor

et al., 1986) in which the SV40 early promoter sequences were replaced by a
Smal sitecontaining polylinker, yielding MMTV-globin (MG). Transfection ex-
periments were carried out using HeLa or Cos-1 cells and the calcium phosphate
technique (Banerji et al., 1983). One ug of one of the cPR-expression vectors
was transfected together with 2 ug of MG and 0.5 pg of pG1B (pGB in Sassone-
Corsi et al., 1985) as an internal control and 10 pg of Bluescribe plasmid as car-
rier (3—5 X 10° cells/9 cm Petri dish). The cells were grown in the presence
or absence of 5 nM R5020 as indicated in the figure legends. Cytoplasmic RNA
was prepared 40 h after transfection by lysing the cells with 0.5% Nonidet P-40
as described (Zenke et al., 1986). 15—25 ug of RNA were hybridized with an
excess of a single stranded 3P-5'-end-labelled DNA probe (see below) at 42°C
in 50% (v/v) formamide, 400 mM NaCl, 40 mM Pipes, pH 6.5. After S1 nuclease
digestion (140 units, 25°C, 2 h) the protected DNA sequences were resolved
in 6% polyacrylamide/8.3 M urea gels. The single stranded DNA probe was
prepared by first hybridizing a synthetic 32P-5'-end-labelled oligonucleotide com-
plementary to positions +39 to +60 of the rabbit 8-globin gene (Zenke et al.,
1986) to a single stranded M13mp18 (M13MG) in which the Sacl —BamHI frag-
ment of MG containing the MMTYV startsite of transcription has been inserted.
After primer extension and digestion with Sacl, the single stranded DNA was
purified by polyacrylamide gel electrophoresis and recovered by electroelution
(Zenke ez al., 1986). CAT-assays were performed with approximately 20 ug of
cytosolic protein prepared from transiently transfected HeLa cells [1 ug of ex-
pression vector, 1 ug MMTV-CAT (Cato et al., 1986), 3 ug of the internal con-
trol recombinant pCH110 (Pharmacia), 5 pg Bluescribe plasmid
carrier/3—5 x 10° cells/9 cm Petri dish] as described (Gorman et al., 1982)
with the exception that the 3-galactosidase activity encoded in the co-transfected
pCH110 was first determined as described by the supplier in order to use ‘nor-
malized’ amounts of cytosolic extracts.

Hormone binding analyses

All manipulations were done below 4°C. Cytosol of transfected HeLa or Cos-1
cells grown in the absence of steroid hormones was prepared by disrupting the
cells in a glass-teflon motor-driven homogenizer (120 strokes) in
TEBGNS50-medium (Gronemeyer et al., 1985) supplemented with 20 mM sodium-
molybdate and 0.3 mM PMSF. After low speed (15 min, 1500 g) and high speed
(60 min, 105 000 g) centrifugation, the cytosol was used directly for Scatchard
analysis or incubation with 20 nM [3H]R5020 (2 h, 0°C) followed by charcoal
treatment and photoaffinity-labelling as described previously (Gronemeyer et al.,
1983; 1985). Non-treated cytosol (for immunoblotting) or the irradiated cytosol
(for crosslinking analysis) was concentrated by precipitation in 50% ammonium
sulphate followed by dialysis against Laemmli-sample buffer (Laemmli, 1970).
Immunoblotting was carried out as described (Jeltsch et al., 1986) using antiserum
directed against the chicken progesterone receptor form B (Tuohimaa et al., 1983),
and analysis of the [*H]R5020 crosslinked products was done by fluorography
of 7.5% SDS—polyacrylamide gels using EN>HANCE (NEN).

To analyse for ‘tight’ nuclear binding, cells incubated for 2 h at 37°C with
5 nM [PH]R5020 + 100-fold excess of non-radioactive hormone were disrupted
as described above, except that the buffer was 340 mM sucrose, 2 mM Na,
EDTA and 20 mM Tris—HCI, pH 7.4. After low speed centrifugation, the crude
nuclear pellet was resuspended in the same buffer containing 150 mM NaCl, recen-
trifuged, and the pellet was extracted in the presence of 500 mM NaCl. After
high speed centrifugation the radioactivity of aliquots of the nuclear extract and
of the supernatants of the previous centrifugations was determined by liquid scin-
tillation counting.
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